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(54) Method of application of electrical biasing to enhance metal deposition 



(57) A method and associated apparatus (10) in- 
cludes depositing metal on a plating surface (15) of an 
object (48) immersed in an electrolyte solution prior to 
bulk deposition on the plating surface. In one aspect, 
the method further includes applying a voltage between 
an anode (16) and the plating surface to enhance the 
concentration of metal ions in the electrolyte solution 
that is contained in a feature on the plating surface prior 
to the bulk deposition on the plating surface. 
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solution contained in the features on the plating surface prior to the bulk deposition on the plating surface. 
[0010] The teachings of the present invention can be readily understood by considering the following detailed de- 
scription in conjunction with the accompanying drawings, in which: 

5 FIG. 1 shows a cross sectional view of an embodiment of electrochemical deposition system; 

FIG. 2, comprising FIGs. 2A and 2B, shows a side cross sectional view of an object such as a semiconductor 
substrate including a via or trench, with the object undergoing a variety of metal deposition processes; 
FIG. 3 shows one embodiment of a current vs. time graph of one embodiment of current versus time waveform to 
be applied to the substrate during steps 1,2, and 3 of an electrochemical deposition process; 

10 FIG. 4 shows one embodiment of method to deposit metal on a seed layer on a substrate; 

FIG. 5 is a schematic diagram of an embodiment of the recirculating/refreshing system shown in FIG. 1 ; and 
FIG. 6, including FIGs. 6A to 6F, shows a side view of a progression of depositing metal on a seed layer on a 
substrate. 

'5 [0011] To facilitate understanding, identical reference numerals have been used, where possible, to designate iden- 
tical elements that are common to the figures. 

[0012] After considering the following description, the teachings of embodiments of the invention can be readily 
utilized in metal deposition applications. More particularly these teachings can be utilized in methods of biasing the 
voltage between an anode and a seed layer 15 on a semiconductor wafer (or another object that is configured as a 
20 cathode) in an electroplating deposition system. Such biasing of the voltage enhances the metal deposition in features 
formed in the substrate. One embodiment of an electroplating cell configuration is described. The application of elec- 
tricity to a plating layer is then described. 

[0013] Although a semiconductor wafer or substrate is disclosed herein as the object being electroplated, the con- 
cepts of the different embodiments of metal deposition system can be used to deposit metal on any seed layer on an 
25 object having features. The terms "metal" or "metal ions" as described herein is intended to mean any seed layer 15 
form of material to be deposited on the substrate such as ions, atoms, or particles. 

1. Electroplating Cell Configuration 

30 [0014] The application of electricity to the plating layer and the associated deposition rates of metals on the seed 
layer are now described. In the following disclosure, the terms "plating current" and "deplating current" are used to 
describe those electrical currents resulting in current densities being applied to the plating surface of the seed layer 
that have a tendency to respectively enhance the plating action or enhance the deplating (etching) action on the seed 
layer. In this disclosure, the term "contact ring" describes the electrical con tact (s) that supplies electricity to the seed 

35 layer. Other known types of contacts such as contact pins, contact pads, or contact rods may supply electricity to the 
seed layer. 

[0015] FIG. 1 illustrates one embodiment of electrochemical deposition (ECD) system 10 for electroplating metal on 
a seed layer 15 of a substrate 48. The ECD system 1 0 includes an electrolyte cell 12 having an upper opening 13, an 
anode 16 mounted in a bottom portion of the electrolyte cell 12, and a removable substrate holder 14 that secures a 

40 substrate so the substrate can be pivoted into, and out of, the electrolyte solution contained in the electrolyte cell. The 
substrate holder 14 includes a contact ring 9 and a thrust plate 66. Electrolyte solution is contained in the electrolyte 
cell such that when a seed layer formed on the substrate is contacting the electrolyte solution, the electrolyte solution 
forms an electrical bridge between the anode and the seed layer on the substrate. Electrical voltages are applied 
between the anode and the seed layer, resulting in an electrical current being established from the anode to the seed 

45 layer. The seed layer therefore acts as a cathode when properly electrically biased. 

[001 6] The electrolyte cell 1 2 comprises an anode base 90 and an upper cell member 92. The anode 1 6 is mounted 
to the anode base 90 by anode supports 94. The anode supports 94 are tubular in shape and surround a feed through 
95, and the anode supports are preferably made from an elastomeric or plastic material. Feedthroughs 95 are contained 
in the anode supports 94 that connect the anode 16 to the controller 98. A controller 98 controls the electrical power 

50 supplied to the anode. In one embodiment, a power supply with an external control can be used as a simplified controller 
98. Alternatively, the sides of the anode may be mounted to the interior sides of the electrolyte cell 12. The upper cell 
member 92 is removably fastened to anode base 90 by fasteners. 

[0017] The substrate holder 14 includes a head portion 64 that can hold a substrate immersed in the electrolyte 
solution contained in the ECD system 10, Certain embodiments of the head portion 64 are configured to rotate the 
55 substrate about the vertical axis of the substrate. Other embodiments of head portion 64 are configured to maintain 
the substrate without rotation. 

[0018] The thrust plate 66 ofthe substrate holder 14 is displaced to a raised position when a robot is loading or 
unloading a substrate onto the contact ring 9 of the substrate holder. The surface of the substrate plated with the seed 
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ayergenerallyfacesdownwardinECDsystems. Following insertion ofthe substrate onto the contact ring thesubstrate 
nng The thrust plate 66 ,s then lowered firmly against the upper surface of the substrate to provide force between tt 

co e ntri%« "tH C ° ntaCt rin9 9 10 8nhanCe the e ' ectrical «""»*• Electri ^ « therefr b e appl e^om the 
controller 98 v* the contact ring 9 to the seed layer 15 on the substrate. In certain embodiments the contect Z the 
thrust plate, and of the substrate 48 rotate as a unrt to effect rotation of the substrate during t e r^ 

E L 7h 9 me If' deP ° Stti0n Pr ° CeSS| a P,ating charge is a PP |ied trom co "troller 98 via contact ring to asTed 
°" r T e 48 ' Pla0n9 Charge CaUS8S the Seed layer 1 5 fofmed °" the ^strie to as 
t h f nC , a " y C ° UP,ed t0 thS an ° de 16 by the electro ^ e solu «° n 79. The charged seed aver aZ£ 

72 rl r ,n , ed the el6Ctr0lyte S0 ' Uti0n 79 Within the vicinity °< seed layer (usually in Se forTof 
metal .ons), thus providmg metal deposition on the seed layer on the substrate 

[0020] The chemicals in the electrolyte solution contained in the electrolyte cell are maintained to ensure orarw 
platmg and/or etching. A hydrophilic membrane 89 surrounds the anode 16 Alternativelv the totoll^Z^Z 
cou.d be mounted to extend horizontal across the e.ectrolyte cell 12 ^^SS^SSSS, ZEE 

TnSST 1 1 T 3n0de r6SUltS in the SUpP ' y 0f metal ions into the -■*«*■» soTuttn Td 1 Sse o 
Lnt, 22 T tK T' 6 Ca " ed an ° dG S,Ud9e ' The hydr °P hi,ic membrane 8 9 * Elected t0 filter the anode Zal 
contained within the electrolyte solution, while permitting metal ions (for example copper, coppeMons or aim InuS 

input port 80 passes around the anode and may contact the upper surface of the anode The electtolyte Ztton 

th e e l?' V TJT? 16 re ' eaSing th6 mStal i0ns int0 the electrolyte *»^n. Tte e^oZTSL Xte 
«tZSS?£ m h b y theaf,ode16to ftesubstr a te48 -Some additionalmetal ions are containedinTeTeS 
solution input through input port 80 that are also carried to the anode eieciroiyte 

[0021] Electrolyte solution is supplied to electrolyte cell 12 via electrolyte input port 80 The displaced electrolvte 
TlZ n *?£T Ce " 12 ,,0WS ° Verthe «n""'ar weirportion 83 into an annufar catch d ai 2o 

electmlyte output 88 that is fluidly coupled to a circulation/refreshing system 87. The recircula ASSISE 
87 refreshes the chemistry of the electrode solution to a level that is suitable for electroplate ^SdrSef fhe 
electrolvtesdutiomntotheelectrofytecel.^. The refreshed electrolytesolution output fromthLTeciS 
ZZZ£T* t0 ^ in ' et P ° rt 80 ° f ^ 6leCtr0lyte Ce " 12 10 d6fine 3 Cl0Sed '°°P «" *• 

ESI- RG ' ? fe a SChematic dia 9 ram of one embodiment of recirculation/refreshing system 87 The recirculation/ 
refreshing system 87 generally comprises a main electrode tank 502, a dosing module 503 a fLtion modutsos 
a chermcal ana^zer module 516, and an electrolyte waste disposal system 522 that are connected o the anS 
Z ^ 5 t by a r leCtrolyte WaSt6 drai " 52 °- ° ne ° r mora "0. 511 , and 51 StLS 

51 0 S aS IT T T T 502 and the ° perati0n ° f the Circulation/refreshing system sTc'on oZ 
« ? I \\ A \l y u mdependent| y operablebut associated with the controlled, or alternatively the con olleS 
51 0, 51 1 , and 51 9 may be physically integrated in controller 98 alternatively tne controllers 

52? ?T> 6l ? Ctr0lyte t8nk 502 Pr ° VideS 8 reS6,V0ir for electrolyte and include s an electrode supply line 512 
I hlLThT h Ce " 12 thr0U9h 006 ° r m ° re fluid P um P s 508 and Vfl ^s 507. A hearexchange 524 or 

00^1 Zl T r °^ e T, 5 ° 2 - ^ h6at eXChan9er 524 is connected to and °Perated by the controZ f 
[0024] The dos.ng module 503 is connected to the main electrolyte tank 502 by a supply line and I includes oluralitv 

c Z"? T't 8 506 ' ° r ^ b0ttleS • 8 P,UralitV ° f VaWeS 509 ' and «» controlter « 1 • The s" SSSTc onShe 
a [ e H mixed ^ form the electrolyte solution. One embodiment of the source chem il^ned in the 

Other VoZ Z^TJ e "° niZ f d S ° UrCe tank 3nd C ° PPer SUlfite source tenk ^r composing 
r00251 T^ dlni2 ri I? C ° " hyd ? e " SUffite ' hydraCh,0riC 3Cid < HC ') and various add ^es such as gJcoV 
SS, h S0UrCe tank Preferab,y also provides deionized wa »er to the system for cleaning the 

system dunng maintenance. The valves 509 associated with each source tank 506 regulate the flow o chemicals to 

ZZZl T^T, 5 °l an * ^ be ^ ° f nUmer ° US com -ercia„y available valves such « Tbu tt e% ^es 
throttle valves and the like. The controller 511 activates valves 509 ounemy vaives, 

100261 ♦ ™\ electrolyte filtration modu| e 505 includes a plurality of filter tanks 504. An electrolyte return line 88 is 
connected between each of the processcells and 

contents ,n the used electrolyte before returning the electrolyte to the main electrolyte tank 502 (the e^troZce^S 

of the electrolyte .n the main electrolyte tank 502. By re-circulating the electrolyte solution from the main tank 502 
hrough the filter tanks 504, the undesired contents in the electrolyte are continuously removed by he Sanks 

LnX r; 't r/ ' eVel ° f PUrity - Additi0na " y ' re - circu ' a «"9 fte electrolyte between the n^SHSltS tit 
and the f ittration module 505 allows the various chemicals in the electrolyte solution to be thorough^ 3d 
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[0027] The recirculation/ref reshing system 87 also includes a chemical analyzer module 51 6 that provides real-time 
chemical analysis of the chemical composition of the electrolyte. The analyzer module 516 is fluidly coupled to the 
main electrolyte tank 502 by a sample line 51 3 and to the waste disposal system 522 by an outlet line 521 . The analyzer 
module 516 generally comprises at least one analyzer and the controller 519 to operate the analyzer. The number of 

5 analyzers required for a particular processing tool depends on the composition of the electrolyte. For example, while 
a first analyzer may be used to monitor the concentrations of organic substances, a second analyzer is needed for 
inorganic chemicals. In the specific embodiment shown in FIG. 5 the chemical analyzer module 51 6 comprises an auto 
titration analyzer 515 and a cyclic voltametric stripper (CVS) 517. Both analyzers are commercially available from 
various suppliers. An auto titration analyzer that may be used to advantage is available from Parker Systems and a 

10 cyclic voltametric stripper is available from EC I. The auto titration analyzer 51 5 determines the concentrations of inor- 
ganic substances such as copper, chloride, and acid. The CVS 517 determines the concentrations of organic sub- 
stances such as the various additives that may be used in the electrolyte and by-products resulting from the processing 
which are returned to the main electrolyte tank 502 from the process cells. 

[0028] In operation, a sample of electrolyte solution is flowed to the chemical analyzer module 516 via the sample 

is line 513. Although the sample may be taken periodically, preferably a continuous flow of electrolyte solution is main- 
tained to the chemical analyzer module 516. A portion of the sample is delivered to the auto titration analyzer 515 and 
a portion is delivered to the CVS 517 for the appropriate analysis. The controller 519 initiates command signals to 
operate the analyzers 515, 517 resulting in the generation of data. The information from the chemical analyzers 515, 
51 7 is then communicated from the controller 51 9 to the controller 98. The controller 98 processes the information and 

20 transmits signals that include user-defined chemical dosage parameters to the dosing controller 511. The received 
information is used to provide real-time adjustments to the source chemical replenishment rates by operating one or 
more of the valves 509 thereby maintaining a desired, and preferably constant, chemical composition of the electrolyte 
solution throughout the electroplating process. The waste electrolyte from the analyzer module is then flowed to the 
electrolyte waste disposal system 522 via the outlet line 521 . 

25 [0029] The controller 98 shown in the embodiment of FIG. 1 controls electric voltage or current supplied to the anode 
16 and the seed layer 15 on the substrate/cathode 48 as well as controlling the overall operation of the recirculation/ 
refreshing system 87. The controller 98 comprises a central processing unit (CPU) 260, a memory 262, a circuit portion 
265, an input output interface (I/O) 264, and a bus (not shown). The controller 98 may be a general-purpose computer, 
a microprocessor, a microcontroller, or any other known suitable type of computer or controller. The CPU 260 performs 

30 the processing and arithmetic operations for the controller 98, and controls the operation of the electricity applied to 
the anode 201 , the seed layer 15 of the substrate 48, the operation of the substrate holder 14, and the operation of 
the recirculation/ref reshing system 87. 

[0030] The memory 262 includes random access memory (RAM) and read only memory (ROM) that together store 
the computer programs, operands, operators, dimensional values, system processing temperatures and configurations, 
35 and other parameters that control the electroplating operation. Bus (not shown) provides for digital information trans- 
missions between CPU 260, circuit portion 265, memory 262, and I/O 264, and also connects I/O 264 to the portions 
of the electrolyte solution dispensing system 100 that either receive digital information from, or transmit digital infor- 
mation to, controller 98. 

[0031] I/O 264 provides an interface to control the transmissions of digital information between each of the compo- 
40 nents in controller 98. I/O 264 also provides an interface between the components of the controller 98 and different 
portions of the electrolyte solution-dispensing system 100. Circuit portion 265 comprises all of the other user interface 
devices (such as display and keyboard), system devices, and other accessories associated with the controller 98. 
While one embodiment of digital controller 98 is described herein, other digital controllers as well as analog controllers 
could function well in this application, and are within the intended scope of the invention. 

45 

2. Electrical Application to Plating Layer 

[0032] in one embodiment, the electrolyte solution is primarily formed from copper sulfite. The copper sulfite reacting 
with the anode produces the copper ions that are released at the anode. The copper ions that are released at the 

50 anode are deposited on the seed layer 1 5 of the substrate. In one embodiment, the anode comprises pure copper or 
a copper alloy. Alternatively, the anode can be formed of any metal to be deposited on the substrate. The electrochem- 
ical reaction between the anode and the electrolyte solution causes the pure copper to be released as ionic copper. 
At the seed layer 1 5 on the substrate, ionic copper is converted to atomic copper such that a thin film of atomic copper 
is deposited on the seed layer 15 during the deposition process. 

55 [0033] An analysis is now performed to derive the deposition rates for two voltage biases established between the 
anode and the seed layer 15 on the substrate. The first voltage analyzed is a 0.8-volt bias that represents the initial 
voltage commonly applied in present systems between the anode and the seed layer on the substrate. The second 
voltage analyzed is a 5.0-volt bias that represents one embodiment of voltage applied between the anode and the 
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seed layer on the substrate in one embodiment of the present invention. The other values (current, resistance etc ) 
used in the analyse are identical. The following analysis indicates the effect that voltage has on deposition rate The 
tal owing equations assume a chemical etch rate of 1 A/sec, and that the seed iayer on the substrate's fu fy immersed 
In^ TlTj TZ thfe diSC '° SUre ' 8 CUrrent ° f 314 am P s on a 200 ™ diamet " ^fer provides Current 

U T2H LTnt^ T 1 1 4 ^ Va ' Ue W ° U,d h3Ve 10 bS adjUSt6d f0r Wafers of different to SiSII 

10 mA/cm2 current density. For example, a 1 0 mA/cm* current density for a 300 mm wafer requires a 4.71 amp value 

0034] For a bias of 0.8 volts between the anode and the seed layer on the substrate' 
Using Ohms law. 



V 2 l 2 R Equation (1) 



or 



3.14/^ 2.9 Vote 

/ 0.8 Volts Equation (2) 

Rearranging to derive I yields: 

,_ 0.8X3.144 no _ 

' 2^ =0-87a/nps Equation (3) 

f!?! 51 I h6Chemic ; a ' * ch rate on the cathode seed layer 1 5 is about .7 A/sec and is not dependent on the voltaae 
In the embodiment of ECD system shown in FIG. 1 , a current of 3.14 amps yielded a measured deposWon r^e ofS 7 

ttano^ 

3.14 _ 36.7 

Wo* ~~ Equation (4) 

^ml^ T^TT 1 T *■ T hfe eqUati ° n f ° rthe dep ° Siti0n rate is a ?P licable ™* when *e ^sXrate is completely 
immersed n the electrolyte solution. During the immersion of the substrate in the electrolyte solution the vZoefe 
constant at 0.8 volts, but the electric current ramps up depending largely upon the percentage of iS^jS?^ 
he substrate that ,s immersed in the electrolyte solution. The deposition rate across'he enti J seed toyXTo^Z 
increases proportionately with the ramping ofthe electric current. The above equation yields: ^ 

„_ 36.7 X 0.87 
* 3l4 = 

10 - 17A/sec Equation (5) 

Us°ing P oZ7Z B SSme Ca ' CUlati0nS USing 8 5 - V0lt bias between the a "° d * and the seed layer on the substrate: 

V 2 l 2 R Equation (6) 

As described above, acurrentof3.14amps corresponds toacurrent density of 10 mA/cm* for a 200mm diameter wafer. 



3.14A _ 2,9yo/te 

/ EjQVWs Equation (7) 



rearranging the above terms to derive I yields: 
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/ = 5 0 2Q 14>A = 5.41 amps Equation (8) 

[0036] Using a 200mm wafer in one embodiment of electroplating system, a current of 3.1 4 amps yields a measured 
deposition rate of 36.7 A/sec. Since the deposition rate is directly proportional to the current, the deposition rate with 
a 5 volt bias between the anode and the cathode yields: 



10 



3J± = ?|Z Equation (9) 

1 5.0 vott x 



where x is the deposition rate. This equation for the deposition rate is applicable only when the substrate is completely 
immersed in the electrolyte solution. During the immersion of the substrate in the electrolyte solution, the bias voltage 
is constant at 5 volts between the anode and the substrate seed layer, but the electric current is ramping. The ramping 
*5 rate is a function of the amount of the substrate seed layer that is immersed in the electrolyte solution. The deposition 
rate also increases proportionately with the ramping up of the electric current. The above equation yields: 



_ 5.41 X36.7 
X ~ 3.14 

20 



63.2 A/sec Equation (10) 



[0037] Thus, altering the bias voltage from the anode to the substrate seed layer from a level of 0.8 volts to a level 
of 5 volts with the entire seed layer contained in the electrolyte solution increases the deposition rate from 10.17 A/ 

25 sec to 63.2 A/sec as indicated by equations (5) and (10). 

[0038] In a bottom-up deposition process generated by a bottom-up electric field in the electrolyte solution around 
a feature, the current density at the bottom 208 of a feature exceeds the current density of the horizontal surface 204 
and the walls 206 of the feature. Therefore, with bottom-up deposition the deposition rate at the bottom 208 of the 
feature is higher than the deposition rate at the wall surface 206 of the feature. With bottom-up deposition, feature 202 

30 will completely fill from the bottom up, yielding a feature substantially without voids. Following bottom-up deposition, 
further deposition on the metal layer of the horizontal surface 204 will increase the thickness of the horizontal surface 
204 and above the filled feature 202. Filling the features with bottom-up deposition prior to the deposition processes 
(that apply the majority of the thickness of the metal to the horizontal surface 204) is desired. 
[0039] To vary the deposition rate in the seed layer, the current density of the applied across the face of the seed 

35 layer 15 is thus varied depending upon the type of processing that the substrate is undergoing. In one embodiment, a 
deposition method includes six steps (labeled step 1 to step 6) that an object such as a semiconductor substrate 
undergoes during a metal deposition process. The initial step is labeled step 1 . Step 1 relates to the insertion of the 
substrate in the ECD system. Little metal is deposited on the substrate during step 1 . The majority of metal deposition 
on the horizontal surface 204 of the seed layer 15 on the substrate occurs during steps 3 to 6 of the electroplating 

40 process, and is known as the "bulk deposition" portion of the electroplating process. Steps 1 to 6 are now each described 
sequentially in detail: 



Stepl: 



45 [0040] To enhance the description of the current biasing between the anode and the seed layer 1 5 on the substrate, 
FIG. 3 is provided a graph 390 of one embodiment of the waveforms of steps 1 to 3 as respective current waveforms 
311 , 312, and 314, where the abscissa 316 represents time in arbitrary units and the ordinate 317 represents current 
in amps applied between the anode and the seed layer 15 on the substrate. 

[0041] To assist in the description of the deposition on the seed layer, the FIG. 6 progression (including FIGs. 6A to 
so 6F) is provided to show different stages of a metal deposited layer 604 forming on the seed layer 15. The seed layer 
15 shown in FIGs. 2A, 2B, and 6A to 6F is described as separate from the metal deposited on the seed layer. The 
seed layer 15 and the subsequent deposited layer are typically formed from the same metal (for example copper), and 
a material-based boundary between the seed layer and the subsequent metal deposition does not exist. The seed 
layer 1 5 is shown as a separate layer from the subsequent metal deposition to indicate the depth of the metal deposition 
55 at different locations. FIG. 6A shows the seed layer 15 formed on walls 206, bottom 208, and horizontal surface 204. 
No metal deposition has formed on the seed layer in FIG. 6A. A process, such as PVD or CVD, applies the seed layer 
15. The process is performed before the substrate is inserted in the ECD system. 

[0042] The step 1 current 311 involves the electricity applied to the substrate before and during the initial immersion 
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ITJI JT ' h°, 6 f tr °^ e S0 ' Uti0n - During the immersion P rocess represented as step 1 , only a certain per- 

oHh. ?h t Tr 1 "? 50 RPM 38 thS SUbStrate is immereed in the electr °'^ solution. Since only a perce^e 
to 2 22? P I? Tf" ? immerBed the electrolyte so,ution ' the P'a«ng current density leve ZZteToll 
to the cathode IS relatively low during step 1 . The low deposition rate across all portions of the seed laver 15 durinn 
he ( mmers.on process is desired since otherwise, metai would be deposited only on those p^J^£fi!£ 
15 on the substrate that have been instantaneously immersed in the electrode solution. sJ^ZS^S^SZ 

subsS;tr d ^ p 0 T n ^ 

sSi * ! h , . non-unrform deposition across the surface ofthe seed layer. During step 1 the cathode/ 

1 S n. t ^ ' S b ' aS ! d With 3 ne9atiVe V °' tage r6lative 10 the anode ra "9i"9 from about 1 to 5 volte to TovWe 
a si gh plating current to the plating surface. This slight plating current limits etching of the seed laver 15 T S 
electrolyte solution that has a low pH (a low pH indicates the electrolyte so.utio r^TJK^ £S£ 
immersion of the substrate into the process position, step 2 is commenced. Step 1 is used to insertTe utefraTe So 
the electrons solut.on with limfted uneven deposition applied in combination wSh limited (or o) etohing 



Step 2: 



h!?I ? 7 l BS attraCtin9 the metal i0nS in close P roximitv ,0 the entire topography of the seed laver on 

Z ? I T,? thS P ° rti0n ° f the S6ed ,ayer covering the feature su <* ^at the mell can ta^SSTtS 
T e TJlT\ «oT ^ 15 ° n SUbStrate (inC,Uding Within the ,eature ). 88 bribed 2STTfb? 
SZ? k 2 Sh ° WS ° ne embodiment ° f ste P 2 current. Step 2 is performed with the seed layer 15 oTthe 

subs rate having a negative bias voltage ranging from 2 to 10 volts relate to the anode (one ZSoK 
vorts). As indicated by the equation above, 5 volts applied between the seed anode and the a^resl 1 an J 
s' bZl'th?" 9 d>r f t T m 01 5 41 3mpS f ° r 3 200mm diameter substrate ' 5.41 amp val e a5p led o?a 

S o fZ 7KE eZr d . in I" 6 eleCtr0lyte S0 ' Uti0n 3Pd thS CUrrent has stabilized f «9 ™£X 
TrlTn t o 18 * ffe ° ted by the elec,ric current imping rate of the substrate being inserted into the elecirolvte 

J22T Si J T ""I" ^ 1 tyPiC3,ly ,3StS fr ° m 1/4 10 2 seconds > and "«* rnore than 5 seconds * 
[0044] Metal ions contained in the electrolyte solution are deposited on the walls 206 bottom ?nfi h™, ♦ . 
surface 204 as indicated by respective reference characters 610, 612, ^T^^^^^i^Z 
l^T* I" solution are a »racted to the vias'or trenches in ^SJSSlS^^tSS 

^"trattons than themetal ions adjacent the horizontal surfaces 204 ofthe substrate. Providing^ 
be^een the anode and the seed layer 15 on the substrate yie.ds higher deposition rates ^^S^EZS? 
Tf JZT r 2 °k 4 SinCe thS meta ' i0nS 3re attraCted t0 this P° rti °" ° f ^e plated m^^SZ step 

iES^ZE^ 81 vort ; 9e (5 v h olts) of the substrate seed layer reia,ive to the «™ ££S££- 

affect the fluid boundary layer adjacent the substrate since voltage levels does not appreciably affect the fluid flow 
charactenst.cs of the electrolyte solution. Providing a smooth fluid boundary layer (withouSes^ oclum 

nS v r Srt, ° n Ch3ract r tiCS because f,uid turbulence disr ^ metal deposL on .ui^T^^ST 
filling voltage increases the concentration of metal ions in the electrolyte solution within the ea ures be7aL7m 0 ~ 

and are earned over the annular weir 83 to the recirculation/refreshing system 87 All other facto* bei™ conSt' 
a greater voftage between the anode and the substrate seed layer will it in a dep eTon rago ^99 avi^a tmer 

ZT « ^T 110 " ° f met3 ' i0nS in the electr0lyte solution conta ^d in the remainSe of ftTJSSE 

Z 11 f r , P ° rtl0nS ° f th6 Seed ,ayer that are the horizontal surface 204. This enhanced deposition Se 

at the bottom of the feature results in the bottom-up deposition aeposnion rate 

[0046] During the step 2 deposition, the electric current ramp 319 results since some finite time is required for the 
electnccurrentapplied ^o thesubstrate to reach its full step 2 level of electric current 

du IT T H S0 JT n - The e,ectric current ramping ,imits the amount ° f ^ fun d^iZi^rpSSS 

voITandwatrsiS 

fsTcSc T oL B ^ ™ S0 ' Uti0n US9d in bath!,aSalow P Hofa PP ro ^ a tely.8,meaningthatthe electrolyte solution 
is ac,d.c. One of the major components of the electrolyte solution is hydrochloric acid that contributes largely to the 



8 



EP1 160 846 A2 



acidity of the electrolyte solution. Without any electrical bias between the anode and the seed layer, the electrolyte 
solution will chemically etch the seed layer 15 on the substrate when the substrate is immersed in the electrolyte 
solution. This chemical etch rate of a seed layer 15 on a substrate immersed in the electrolyte solution is independent 
of the voltage level of the seed layer 15 on the substrate. The chemical etch rate is not related to the electrochemical 
5 reaction associated with the metal deposition. Providing an electrical bias to the substrate that compensates for the 
low pH is important. 

[0048] This step 2 feature-filling voltage is selected to be at a level that enhances the concentration of metal ions in 
the electrolyte solution. This voltage is also adequate to compensate for the chemical etching action of the electrolyte 
solution. The wall 206 and the bottom 208 often have a thinner metal deposition than the horizontal surface 204 as a 

10 result of previous processing such as PVD or CVD that was performed on the substrate before the substrate was sent 
to the ECD system. If an unbiased seed layer 15 of a substrate is immersed into an acidic electrolyte solution, a portion 
of the copper seed layer (most likely wall 206 at the bottom 208 within the feature) may become thinner or even 
discontinuous in a matter of seconds. Plating cannot proceed on any portion of the substrate without the seed layer 
formed on the substrate. Enough negative voltage is applied to the substrate seed layer relative to the anode to limit 

15 the copper seed layer (forming the seed layer 15) being etched by the electrolyte. As a result of the level of biasing 
and the plating current, the rate of metal deposition on the seed layer is above the rate of etching the deposited material 
on the seed layer. Additional components of the electrolyte solution may include a deposition enhancer (that enhances 
copper deposition rate onto the seed layer on the substrate), a brightener, and suppressors to enhance gap fill. A large 
plating current from the anode to the seed layer is not necessary to compensate for an etch rate, because the etch 

20 rate is actually relatively low (about .7 A per second). A .7 amp current provides a deposition rate of about 10 A per 
second, for example. 

[0049] The step 2 feature-filling bias results in high mobility of the copper ions contained in the electrolyte solution. 
If step 2 feature filling voltage is too high, the throats of the features will close before the feature is filled by deposited 
material (thereby creating voids in the features). Applying the step 2 feature filling voltage for too long will reduce the 
25 uniformity of the thickness of the deposited layer. The step 2 voltage thus acts to initially attract the copper ions in close 
proximity to, and deposit metal on, the entire topography (including the features) of the seed layer 15 on the substrate. 

Step 3: 

30 [0050] This step involves an application of an initial plating current, as well as a pulse current waveform 300, to the 
seed layer 15 on the substrate. One embodiment of step 3 current is shown within pulsed region 314 in FIG. 3. In the 
pulse current waveform 300, positive plating currents from the anode to the seed layer on the substrate are alternated 
with negative de-plating currents. The plating currents deposit metals on the seed layer on the substrate, including 
within the features. The de-plating currents keep the throats of the features open until subsequent plating currents fill 

35 the features. Steps 1,2, and 3 interact to fill the features formed in the seed layer on the substrate. 

[0051] Following the application of the step 2 current, certain portions of the seed layer 15 on the substrate shown 
in FIG. 2A are typically thin as shown in FIG. 6B, For example, metal deposited on the horizontal surface 204 has a 
depth of about 200 to 2,500 A while the metal deposited in the features has a depth of about 50 to 400 A. An initial 
step 3 plating current 323 is therefore applied to build up the depth of the deposited layer 614 on the substrate at 

40 horizontal surfaces 204, the deposited layer 61 0 on the walls 206, and the deposited layer 61 2 on the bottom 208. The 
initial plating current 323 involves application of the same current as plating current 308 (that is applied for each pulse 
cycle 300), but extends 0 to 1 .5 seconds longer than the plating current 308 for the non-initial pulse cycles 300. Initial 
plating current 323 is applied for a longer period than plating current 308 to increase the thickness of those portions 
of the seed layer that are most thin to limit the formation of discontinuities in the seed layer. The initial plating current 

45 is maintained at about 3.14 (but may range from 1 .5 to 6.5) amps for a 200 mm diameter wafer for about 4 (but may 
range from 1 to 7) seconds. 

[0052] Following this initial pulse plating current, the current of the pulse cycle 300 is pulsed for a number of times 
that is a function of the depth of the features. In an exemplary embodiment, the current is pulsed for about 15 times. 
Each pulse cycle 300 comprises a plating current 306 of from about .05 to .5 (preferably about .2) amps that lasts for 
50 from about 0.05 to .3 (preferably about .1) seconds, followed by a plating current 308 of about 1 .5 to 6.5 (preferably 
about 3.14) amps for a 200mm diameter wafer that lasts for about 1 to 5 seconds, and finally followed by a deplating 
current 310 of approximately -20 to -40 (preferably about -25) amps that lasts for about .05 to .2 (preferably about .1) 
seconds. 

[0053] The plating current 306 redistributes the metal ions contained in the electrolyte solution such that the con- 
55 centration of copper ions is enhanced within the electrolyte solution within the features. The plating current 308 provides 
deposition of the metal on the substrate, including the features. FIG. 6D shows metal depositions 610, 612, and 614 
respectively on the wall 206, bottom 208, and the horizontal surface 204 following the positive plating current 308. In 
FIG. 6D, throat portion 620 is nearly, but not entirely, closed off. 
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[0054] The metal depositions 610, 612, and 614 shown in FIG. 6C are each thickened following the initial pulse 
plating current 323 flowing from the anode to the seed layer. The thickened depositions limit damage to the seed E 
1 5 by subsequent etching processes. ' 
[0055] The deplating current 31 0 etches the portions of the depositions adjacent to the throats 620 of the features 
^V? ° Pen - Keepin9 thS thr0atS 620 open allows continued deposition to limit the formation of voids 

wrthin the features. FIG. 6E shows metal depositions 610, 612, and 614 respectively on the wall 206, Som 208 and 

o^T^T I M f0 " 0Win9 ^ deP ' ating CUrrent 31 °- The de P' at,n 9 current 31 0 etehes the metal "dap- 

I T JZ f S * E ° ntal 614 and thr08t 62 °' ^ sma " dimension ° f throa « 620 Prides a constrictton 
1 »hr^ th ? 6 ? P r in9 ' SP8Ce 622 ' th3t ' imitS the Width (and amount > of the solution contained at 

the throat. The limited amount of electrolyte solution at throat limits the electrical current that is conducted from the 

^ e ' eCtr0lyte Ce " 12 1 ° the eleCtrolyte so,ution contained in the feature *' con- 
stncted electncal current flowing ,nto the electrolyte solution contained in the space 622 (during the de-plating current 

thi n L«n r^o 0 ? eta ' de P° sitions 61 0 and 61 2 within the feature during the deplating current 31 0. During 
the Platmg current 308, metal deposits form within the wall 206, the bottom 208, and the horizontal surface 204 

1 h J? 8 alte t matir ! 9 CUrrent WaVef0rm inC,Uding the P° sitive P |atin 9 current 308, the negative deplating current 

as shown Ifr.r T P JT 9 r rent 306 iS a ' ternated Unt " the depth ° f metal de P° sition 612 rises * ""the space 622 
as shown in FIG. 6F. F.ll.ng the space 622 from the bottom 208 is known as "bottom-up deposition". This filling of the 
space 622 by deposited material thereby limits the creation of a void in the feature During the a PP licSo the 

th ZZ VI t T 3 are ? I T 620 defineS 9 COnStriCti0n and the amount of deplali "9 c ^rents flowing pas 
TJST rti h °. W,th ' n f6atUreS are Nmited by thfe c °nstriction. As the high current is applied To the 

are kept open by the deplating current 31 0) to fill space 622. 

[0057] The deplating current 310 limits the formation voids in features, as indicated in FIG. 2B and 6D, in which the 

JH a L! S H ° S I deP ' ating CUrrent 310 is then app,ied t0 kee P the throat of tne mature open by etching the 
depos ted layer most aggressfcely at the throat. The step 3 deposition/etching (dep-etch) waveform removes non 

at 308 ^ToTr^T" 9 in H b T: 9r0Wth - ThS Pla,in9 CUrrent and d6plating CUrrent sh ° wn 

at 12 ™hJ ™ - JT ! 88 de P- etch " de P P rocess - Pr eferably, the ratio of deposition to etch during 

3 2 2? T 18 t T?°? 1 6: 1 8b0Ut 5:1 • F0 " 0Wing the of the d6 P- etoh reforms of ste? 

3 (resultrng in the changes of the depths of the deposited layers 610,612, and 614 shown in FIGs. 6C to 6F) the metal 

[0058] Contact resistance is a measure of the electrical resistance between the contact ring 9 and the substrate seed 
layer. Filling the entire feature with copper results in a low contact resistance due to the good electrical characteristics 

b^r e ^ isc r tinuit e K s s : ch as 9aps or voids that form in the seed 15 — «» « — of *. srs; 

be detected followmg the deposition process by measuring an increased contact resistance of the substrate ™s 

IS^lrr! reS ? tenCe iS 3 T Ult ° f the d6CreaSed resistance of d ^ontinuities (that include air) compared with 
Nledfe^ 

^n£Tf w ^ PatChGd 10 make ° ertain that ,he Seed la V er is continuous - Suc " Patching shouidoS 

otted A :2Sf Th St6PS 38 d6SCribed be, ° W Any SUrfaC6 that d0eS not have «— cannot be 

plated. An additional deposrt.on process such as can patch seed layer discontinuities described in step 3. 

Steps 4, 5, and 6: 

SSth^' f StS H 3 t ' StePS f i 5 a " d 6 C ° mbine t0 pr ° Vide d6pOSition across both the horizo "tal surface 204 and 
above those features that were filled as described in step 3. Step 3 pulse waveform is most effective at filling features 

Th V 'T I' Z C T BSS - Certain f6atUreS haVing 3 thicker width ,han ■^^'n-beflledbyih.^aSSEr 
Su^'JU. h de P°f^n applied in steps 4, 5, and 6 cover both the metal deposited in the filled smaller sIzTd 
features and he horizontal surfaces 204. The bulk deposition process described in steps 4-6 also fills those larger 

rrrr; that r ? main , un,iiied ,oi,owin9 step 3 - During ^ *• *• ™< e < *• ^t££zz 

of the DC and pulsed currents apphed during steps 1 to 3, described above. The electroplating that occurs during steps 

iil 'I' f' md t0 38 " bU ' k d6P ° Siti0n " betWeen an0de and the seed laver 1 5 0" the substrate Thetrm 
izo^fsurfaces" 2 ^ appr ° pnate SinCe these ste P s re P resent when the Stalest depth of metal is deposited to the hor- 

[0060] The thickness of the deposition layer on the horfcontal surface is a design choice depending upon the Intended 
use of the object, the etectronic characteristics, and the designer's criterion and choices. As sue" a wide vaSof 

SISSSTh T ^ be , aPP ' ied Whi ' e remaining Within the SC °P e of the P resent inventi °"- Common thick- 
nesses of the deposrted layer resulting from the bulk deposition range from 1 .0u to 3.0a. Step 4 may last from about 
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1 to 120 seconds in which a current density of about 10 m Amps/cm 2 is applied to the object. In steps 5 and 6, the 
current level from the anode to the cathode is raised from the level in the previous step to increase the deposition rate. 
For example, step 5 may include a current density of about 40 mAmps/cm 2 may be applied to the seed layer 15 from 
about 1 to 120 seconds. Step 6 may last from about 1 to 120 seconds in which a current density of about 60 mA/cm 2 
5 is applied to the seed layer. Steps 4, 5 and 6 represent an illustrative bulk deposition waveform, and are not limiting 
as the only waveform that may be used following the steps 1 to 3 waveform. 

[0061] The metal deposition in steps 4, 5 and 6 does not affect the deposition on the walls or the bottom of the 
features since the features are already filled in steps 1 to 3. The application of the steps 4, 5, and 6 current does not 
significantly effect the production of the fluid boundary layer that enhances the deposition process since the application 
10 of voltage occurs substantially independently of the fluid flow of the electrolyte solution that affects the boundary layer. 
Though one embodiment of current density waveform has been briefly set forth in this steps 4, 5, and 6 description, 
any suitable known plating current and technology can be applied to provide the desired depth of deposition layer on 
the horizontal surface. 

15 3. Controller Operation 

[0062] FIG. 4 shows one embodiment of method 400 performed by controller 98 in depositing metals on the seed 
layer on the substrate. The method 400 starts with block 402, in which prior to the immersing of the substrate in the 
electrolyte solution, the bias applied between the anode and the cathode is negligible since the electrolyte cell defines 

20 an open circuit. This open circuit exists since the cathode (wafer) is removed from (and does not electrically contact) 
the electrolyte solution. There is therefore no medium to carry electrical current between the anode and the cathode 
to form an electrical path. Method 400 continues to block 404 in which the seed layer 15 on the substrate is immersed 
into the electrolyte solution. During this immersion, the deposition on the seed layers is limited due to the limited surface 
area of the substrate exposed to the electrolyte solution. During the immersion, a closed circuit is incrementally created 

25 between the anode and the seed layer on the substrate. Block 404 may be viewed as the application of the step 1 DC 
current, as described above. 

[0063] The method 400 continues to block 407 in which the step 2 DC current waveform is applied. The step 1 
current/voltage combined with the step 2 voltage/current typically is applied for a total duration of from one to two 
seconds. During the step voltage/cu rrent, increasing the concentration ofthe metals contained in the electrolyte solution 
30 within the features compared with the concentration of the metals contained in the electrolyte solution adjacent the 
horizontal surface is desired. The deposition rate inside the feature will therefore equal (or exceed) the deposition rate 
on the horizontal surface of the seed layer outside of the feature to provide bottom-up deposition. The bottom-up 
deposition fills the features more completely than other known feature filling techniques. 

[0064] The method 400 then continues to block 408 in which the controller 98 applies the pulsed waveform voltage 

35 as outlined in the description to step 3 above. 

[0065] The method 400 then continues to block 41 0 in which the controller (upon receipt of the desired depth of the 
deposition layer on the horizontal surface 204) applies a DC current between the anode and the cathode for a desired 
period. The period of deposition depends upon the desired depth of the deposition layer. The longer the steps 4, 5, 
and 6 DC currents are applied, the greater will be the deposited layer of metal on the horizontal surface 204. 

40 [0066] Following block 41 0, the method 400 continues to block 41 4 in which the object is removed from the electrolyte 
solution. Such removal of the substrate from the electrolyte solution results in an open electrical circuit being created 
between the anode and the cathode, since there is no electrical conductive path between the anode and the cathode. 
If further substrates are to be processed in the ECD system 10, then the method 400 is repeated on the subsequent 
substrates. The controller 98 can accept input from the operator indicating how to process each substrate, or process 

4 5 each substrate in an identical, repetitive manner. 

[0067] Although various embodiments that incorporate the teachings of the present invention have been shown and 
described in detail herein , those skilled in the art can readily devise many other varied embodiments that still incorporate 
these teachings. 

50 

Claims 

1. A method for depositing metal on a plating surface of an object immersed in an electrolyte solution prior to bulk 
deposition on the horizontal surface of the plating surface, the method comprises: 

55 applying a voltage from an anode to the plating surface to enhance the concentration of metal ions in the 

electrolyte solution that is contained in a feature on the plating surface. 

2. A method as claimed in claim 1 , wherein during the method, the plating surface is immersed within said electrolyte 
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solution. 

3. A method as claimed in claim 1 or claim 2, wherein the applying the voltage is sufficient to attract ions to proximate 
the plating surface. 

4. A method as claimed in any of claims 1 to 3, wherein the feature comprises at least one from the list of trenches 
contacts, and vias. 

5. A method as claimed in any of claims 1 tp 4, further comprising applying a current from the anode to the plating 
surface to deposit metal from the metal ions in the feature, the current being applied prior to said bulk deposition. 

6. A method as claimed in claim 5, wherein the current is applied for a sufficient duration for fill of the feature. 

7. A method as claimed in claim 6, wherein the features comprise a wall and a bottom, and during the depositing the 
metal in the features, the deposition rate on the bottom is greater than the deposition on the walls. 

8. A method as claimed in any of claims 1 to 7, wherein following immersion the current (finite) is applied for less 
than five seconds. 

9. A method as claimed in any of claims 1 to 8, wherein the voltage is within the range of 2 to 1 0 volts. 

10. A method as claimed in claim 9, wherein the voltage is 5 volts. 

11. A computer readable medium that stores software that, when executed by a processor, causes depositing metal 
on a plating surface of an object immersed in an electrolyte solution prior to bulk deposition on the plating surface 
the software executed by the processor performs a method comprising: 

applying a voltage between an anode and the plating surface to enhance the concentration of metal ions in 
the electrolyte solution that is contained in a feature on the plating surface. 

12. A computer readable medium as claimed in claim 11 , further comprising applying a current from the anode to the 
plating surface to deposit metal from the metal ions in the feature, the current is applied prior to the bulk deposition. 

13. A computer readable medium as claimed in claim 12, wherein the current is not sufficient to shut off the throat of 
the trenches or vias. 

14. A computer readable medium as claimed in claim 12, wherein the current is performed for a sufficient duration to 
fill the trenches or vias. 

15. A computer readable medium as claimed in any of claims 12 to 14, wherein the features comprise a wall and a 
bottom, and dunng the depositing metal from the metal ions in the features, the deposition on the bottom is greater 
than the deposition on the walls. 

16. A computer readable medium as claimed In any of claims 11 to 15, wherein the method is performed within an 
electrolyte solution. 

17. A computer readable medium as claimed in any of claims 11 to 16, wherein the applying the voltage to the plating 
surface to increase the concentration of metal ions is sufficient to attract ions to proximate the plating surface. 

18. A computer readable medium as claimed in any of claims 11 to 17, wherein the feature comprises at least one 
from the list of trenches and vias. 

19. A computer readable medium as claimed in any of claims 11 to 18, wherein the voltage is applied for less than 
five seconds. 

20. A computer readable medium as claimed in any of claims 1 1 to 1 9, wherein the voltage is within the range of 2 to 

10 volts. 

21. A computer readable medium as claimed in claim 20, wherein the voltage is 5 volts. 
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22. An apparatus that deposits metal on a plating surface of an object immersed in an electrolyte solution prior to bulk 
deposition on the plating surface, the apparatus comprising: 

a voltage biasing device coupled from an anode to the plating surface, the voltage biasing device enhances 
the concentration of metal ions in electrolyte solution contained in a feature on the plating surface. 

23. An apparatus as claimed in claim 22, wherein the plating surface is immersed within said electrolyte solution when 
the concentration of metal ions contained in the feature is enhanced. 

24. An apparatus as claimed in claim 22 orclaim 23, wherein the feature comprises at least one from the list of trenches, 
contacts, and vias. 

25. An apparatus as claimed in any of claims 22 to 24, further comprising a current biasing device that applies a current 
from an anode to the plating surface to deposit metal from the metal ions in the feature, the current is applied prior 
to the bulk deposition. 

26. An apparatus as claimed in claim 25, wherein the current applied by the current biasing device is applied for a 
sufficient duration of substantially fill the feature. 

27. An apparatus as claimed in claim 26, wherein the features comprise a wall and a bottom, wherein during the 
depositing metal from the metal ions in the features, the deposition rate on the bottom is greater than the deposition 
on the walls. 

28. An apparatus as claimed in any of claims 22 to 27, wherein the voltage biasing device applies the voltage for less 
than five seconds. 

29. An apparatus as claimed in any of claims 22 to 28, wherein the voltage biasing device applies the voltage within 
the range of 2 to 10 volts. 

30. An apparatus as claimed in claim 29, wherein the voltage biasing device applies the voltage of 5 volts. 

31. An apparatus that deposits metal on a plating surface of an object immersed in an electrolyte solution prior to bulk 
deposition on the plating surface, the apparatus comprising: 

voltage biasing means coupled from an anode to the plating surface, the voltage biasing means enhances 
the concentration of metal ions in electrolyte solution contained in a feature on the plating surface. 
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BIAS CATHODE VOLTAGE SLIGHTLY TO LIMIT METAL 
DEPOSITION UPON IMMERSION OF OBJECT 



IMMERSE OBJECT PLATING SURFACE IN ELECTROLYTE 
SOLUTION - APPLY STEP 1 DC CURRENT 



APPLY STEP 2 DC CURRENT WAVEFORM 



APPLY STEP 3 PULSED CURRENT WAVEFORM 



DETERMINE DEPTH OF DEPOSITION LAYER DESIRED. 
APPLY STEPS 4, 5, AND 6 CURRENT WAVEFORM 
ACCORDINGLY 



REMOVE OBJECT FROM ELECTROLYTE SOLUTION 
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